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$EVWUDFW7KH FKHPLFDO VWUXFWXUHRI QRQIXOOHUHQH DFFHSWRUV 1)$V DIIHFWV WKHLU OLJKWKDUYHVWLQJ
DELOLWLHV HQHUJ\ OHYHOV DQG PROHFXODU RUGHUV DOO RI ZKLFK SOD\ D FUXFLDO UROH LQ GHWHUPLQLQJ WKH
HIILFLHQF\RIRUJDQLFVRODUFHOOV26&V,QWKLVZRUNZHKDYHV\VWHPDWLFDOO\LQYHVWLJDWHGDVHULHVRI
ODGGHUW\SH1)$VKDYLQJGLIIHUHQWFDUERQR[\JHQEULGJHGHOHFWURQGRQDWLQJFRUHVDQGUHYHDOHGWKH
HIIHFWVRIFRUHVWUXFWXUHVDQGILOPFDVWLQJFRQGLWLRQVRQPROHFXODURUGHULQJDQGSHUIRUPDQFHRI26&V
:H IRXQG WKDW 1)$V FRQWDLQLQJ WKH WKLHQR>E@WKLRSKHQH FHQWHUHG  RU  IXVHG ULQJV LH
&2L'),& &2L'),& H[KLELW QDUURZHU RSWLFDO EDQG JDSV WKDQ 1)$V FRQWDLQLQJ WKH EHQ]HQH
FHQWHUHGRUIXVHGULQJVLH&2L'),&&2L'),&1)$VFRQWDLQLQJ OHVV IXVHGULQJV LQWKH
FDUERQR[\JHQEULGJHGFRUHLH&2L'),&DQG&2L'),&H[KLELWHGJHRQPROHFXODURULHQWDWLRQ
LQWKHEOHQGVZLWK IDFHRQRULHQWHG37%7KGRQRUDQGUHVXOW LQ ORZGHYLFHHIILFLHQF\$OWKRXJK
1)$VFRQWDLQLQJH[WHQGHGIXVHGULQJVLH&2L'),&DQG&2L'),&SRVVHVVDSURQRXQFHGIODWRQ
ODPHOODUFU\VWDOOLQHVWUXFWXUHLQWKHSXUHVWDWHWKHFU\VWDOOL]DWLRQFDQEHUHGXFHGDIWHUEOHQGLQJZLWK
37%7K DV ZHOO DV E\ KRWVXEVWUDWH FDVWLQJ ZKLOH WKH ODPHOOD LQ &2L'),& FDQ EH HIIHFWLYHO\
VXSSUHVVHGWRIRUPRQO\IDFHRQSS VWDFNVZKLFKOHDGVWRHQKDQFHG3&(RI26&V     
.H\ZRUGVRUJDQLFVRODUFHOOVQRQIXOOHUHQHDFFHSWRUVPROHFXODURUGHUGHYLFHHIILFLHQF\ 
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,QWURGXFWLRQ  
$GYDQFHVRYHUWKHSDVWIHZ\HDUVKDYHHYLGHQFHGHQFRXUDJLQJSURJUHVVRIRUJDQLFVRODUFHOOV
26&VHPSOR\LQJ QRQIXOOHUHQHQW\SHFRQMXJDWHG PROHFXOHVDVHOHFWURQDFFHSWRUV >16@ZLWK WKH
PD[LPXPSRZHUFRQYHUVDWLRQHIILFLHQF\3&(RIRYHUKDYLQJEHHQDFKLHYHGLQVLQJOHMXQFWLRQ
GHYLFHV >7@DQGKDVEHHQUHDFKHG LQWDQGHPGHYLFHV >8@GHPRQVWUDWLQJDEULJKWDQGSURPLVLQJ
IXWXUHIRU26&V$PRQJDQXPEHURIGULYLQJIRUFHVWRHQDEOHWKHUDSLGGHYHORSPHQWRI26&VWKH
ULVH RI QRQIXOOHUHQH HOHFWURQ DFFHSWRUV 1)$V LQFOXGLQJ ERWK IXVHGULQJ DQG QRQIXVHGULQJ
HOHFWURQ DFFHSWRUV SOD\V D OHDGLQJ UROH>912@7KoVH IXVHGULQJ 1)$V IHDWXUH D FRSODQDU PROHFXODU
JHRPHWU\FRQVLVWLQJRIWZRHOHFWURQGHILFLHQWXQLWVOLQNHGE\DIXVHGULQJHOHFWURQULFKFRUHWKDWDUH
VXEVWLWXWHG ZLWK VLGH FKDLQV >1317@:LWK WKH PDQLSXODWLRQ RI WKH FRUH VWUXFWXUH WKH HQHUJ\ OHYHOV
DEVRUSWLRQVSHFWUXPFDUULHUPRELOLW\DQGPRUSKRORJLFDOIHDWXUHVRI1)$VFDQEHWXQHGHIIHFWLYHO\ >18
22@:KLOVW WKHUH QRZ H[LVWV D JUHDW XQGHUVWDQGLQJ RI KRZ WKH FKHPLFDO VWUXFWXUHVRI WKH HOHFWURQ
GRQDWLQJFRUHVZLOODIIHFWWKHHQHUJ\OHYHOVDQGRSWLFDOEDQGJDSVRI1)$VOHVVLVNQRZQDERXWKRZ
WKH\ZLOOLQIOXHQFHWKHPROHFXODURUGHULQJDQGPRUSKRORJLHVLQWKHLUSKRWRYROWDLFEOHQGV >2325@ 
7KHEXONKHWHURMXQFWLRQ PRUSKRORJ\RI26&V LVRQHRI WKHFULWLFDO LVVXHV IRUDFKLHYLQJ KLJK
GHYLFH3&(ZKLFKRULJLQDWHVIURPWKHFKHPLFDOVWUXFWXUHRI1)$VDQGLVKLJKO\UHODWHGWRWKHOLJKW
DEVRUSWLRQ H[FLWRQ GLVVRFLDWLRQ FKDUJH UHFRPELQDWLRQ DQG FKDUJH WUDQVSRUW SURFHVVHV >2628@ ,Q
FRPSDULVRQWRWKHFRQYHQWLRQDOEDOOOLNHVWUXFWXUHG IXOOHUHQHGHULYDWLYHDFFHSWRUVHJ3&%0WKH
GLYHUVHVWUXFWXUHVRI1)$VHQDEOHWKHIRUPDWLRQRIYDULRXVPROHFXODURUGHUDQGDJJUHJDWLRQVWDWHVLQ
ILOPVSURFHVVHGXQGHUGLIIHUHQWFRQGLWLRQV>2931@&RQVHTXHQWO\WKHPRUSKRORJLFDOFRQILJXUDWLRQVRI
1)$EDVHG 26&V DUH VRSKLVWLFDWHG DQG PRUH GLIILFXOW WR RSWLPL]H >3235@ 5HFHQWO\ QRYHO 1)$V
IHDWXULQJWKHFDUERQR[\JHQEULGJHG&2EULGJHGFRUHXQLWZHUHGHYHORSHGDQGKDYHGHPRQVWUDWHG
KLJK HIILFLHQF\ LQ ERWK VLQJOH MXQFWLRQ DQG WDQGHP 26&V > 3639@ 7KHVH &2EULGJHG HOHFWURQ
GRQDWLQJFRUHVHQKDQFHWKHHOHFWURQGRQDWLQJFDSDELOLW\DQGPROHFXODUSODQDULW\OHDGLQJWRQDUURZHU
EDQGJDSVDQGVWURQJHUOLJKWKDUYHVWLQJFDSDELOLW\RI1)$V>40@0RUHLQWHUHVWLQJO\RXUSUHYLRXVZRUN
KDVGHPRQVWUDWHGWKDWWKHPROHFXODURUGHURIWKHIXVHGULQJEDVHG&2EULGJHG1)$LH&2L'),&
FDQ EH DGMXVWHG IURP HGJHRQ DQG IODWRQ ODPHOOD WR + DQG - W\SH ʌʌ VWDFNLQJ WR EURDGHQ WKH
DEVRUSWLRQVSHFWUXPE\FDVWLQJWKHSKRWRYROWDLFEOHQGRQDKRWVXEVWUDWH>@  
,QWKLVZRUNZHKDYHVWXGLHGDVHULHVRI1)$VKDYLQJWKHVDPHHOHFWURQDFFHSWLQJJURXSVRQ
WZRVLGHVEXWGLIIHUHQW&2EULGJHGHOHFWURQGRQDWLQJFRUHVDQGIRXQGWKDWWKHPROHFXODURUGHULQJ
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DQGRSWRHOHFWURQLFSURSHUWLHVLQWKHSXUH1)$VDQGWKHLUSKRWRYROWDLFVRODUFHOOVDUHKLJKO\UHODWHGWR
WKHHOHFWURQGRQDWLQJFRUHVWUXFWXUHVDVZHOODVWKHILOPSURFHVVLQJFRQGLWLRQV5HVXOWVVKRZWKDWWKH
WKLHQR>E@WKLRSKHQHFHQWHUHG1)$VLH&2L'),&DQG&2L'),&KDYHQDUURZHURSWLFDOEDQG
JDSV FRPSDUHG WR WKH EHQ]HQHFHQWHUHG 1)$V LH &2L'),& DQG &2L'),& 0RUHRYHU 1)$V
FRQWDLQLQJIHZHUIXVHGULQJVLQWKH&2EULGJHGFRUHLH&2L'),&DQG&2L'),&H[KLELWHGJH
RQRULHQWDWLRQLQWKHEOHQGVZLWKIDFHRQRULHQWHG37%7KGRQRUDQGUHVXOWLQORZ3&(RIWKHGHYLFH
$OWKRXJK1)$VFRQWDLQLQJH[WHQGHGIXVHGULQJVLH&2L'),&DQG&2L'),&VKRZSURQRXQFHG
IODWRQODPHOODUFU\VWDOOLQHVWUXFWXUHLQWKHSXUHVWDWHWKHFU\VWDOOL]DWLRQFDQEHUHGXFHGDIWHUEOHQGLQJ
ZLWK 37%7K DV ZHOO DV E\ KRWVXEVWUDWH FDVWLQJ ZLWK WKH ODPHOOD LQ &2L'),& HIIHFWLYHO\
VXSSUHVVHGWRIRUPIDFHRQSS stacks only, ZKLFKOHDGVWRHQKDQFHG3&(RI26&V     
5HVXOWVDQG'LVFXVVLRQ   
7KHFKHPLFDOVWUXFWXUHVRI&2L;'),&; RU1)$VDUHVKRZQLQ)LJXUHD$OOWKHVH
1)$V FDUU\ WZR GLIOXRURR[RGLK\GUR+LQGHQ\OLGHQHPDORQRQLWULOH XQLWV DV WKH
HOHFWURQGHILFLHQW WHUPLQDOJURXSVDQG IRXUKH[\OEHQ]HQH XQLWVDV VLGHFKDLQVDWWDFKHG WRWKHFRUH
VWUXFWXUHV7KHSULQFLSDOVWUXFWXUDOGLIIHUHQFHEHWZHHQWKHVHIRXU1)$VLVWKHLU&2EULGJHGHOHFWURQ
GRQDWLQJFRUHXQLW&2L'),&DQG&2L'),&DUHFHQWHUHGZLWKDEHQ]HQHULQJZKLOVW&2L'),&
DQG &2L'),& DUH FHQWHUHG ZLWK D WKLHQR>E@WKLRSKHQH JURXS WKHQ WKLRSKHQH DQG WKLHQR>
E@WKLRSKHQHJURXSVDUHIXVHGRQERWKVLGHVYLDWKHFDUERQR[\JHQEULGJHVWRIRUPRUIXVHG
ULQJVLQWKHHOHFWURQGRQDWLQJFRUHDQGUHVXOWLQJLQ&2L'),&&2L'),&&2L'),&RU&2L'),&
UHVSHFWLYHO\7KHHQHUJ\OHYHOVRIWKHVH1)$VDUHVKRZQLQ)LJXUHEZKHUHLWLVVHHQWKDW&2L'),&
H[KLELWV XSVKLIWHG KLJKHVWRFFXSLHG PROHFXODU RUELWDO +202 DQG ORZHVW XQRFFXSLHG PROHFXODU
RUELWDO/802RIDQGH9UHVSHFWLYHO\FRPSDUHGWR&2L'),&ZKLOVW&2L'),&H[KLELWV
XSVKLIWHG+202DQG/802OHYHOVRIDQGH9UHVSHFWLYHO\FRPSDUHGWR&2L'),&7KLV
VXJJHVWVWKDWWKH+202DQG/802HQHUJ\OHYHOVRI&2L;'),&FDQEHXSVKLIWHGE\H[WHQGLQJWKH
WKLRSKHQH XQLWV DORQJVLGH WKH FHQWHULQJ XQLW 7KHVH &2L;'),& PROHFXOHV ZHUH GLVVROYHG LQ
FKORUREHQ]HQHVROXWLRQDQGFDVWDWURRPWHPSHUDWXUH57RURQD&KHDWHGKRWVXEVWUDWH+6
WRHQDEOHDSURORQJHGRU VKRUWHQHG PROHFXODURUJDQL]DWLRQ WLPH UHVSHFWLYHO\DQG WKHUHIRUHYDULHG
PROHFXODURUGHULQJGXULQJWKHILOPGU\LQJSURFHVV)LJXUHF>4142@ 
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)LJXUHD&KHPLFDOVWUXFWXUHDQGEHQHUJ\OHYHOVRI&2L;'),&PDWHULDOV; RUF
6FKHPDWLFRIILOPFDVWLQJRQDVXEVWUDWHKHOGDWURRPWHPSHUDWXUH57RURQDKRWVXEVWUDWH+6 
 
7KHDEVRUSWLRQ$EVDQGSKRWROXPLQHVFHQFH3/VSHFWUDRI&2L;'),&VROXWLRQVDQGILOPV
DUHVKRZQLQ)LJXUH,QDVROXWLRQVWDWHWKHEHQ]HQHFHQWHUHG&2L'),&DQG&2L'),&VKRZDQ
LQWUDPROHFXODUFKDUJHWUDQVIHUEDQG,&7IURPFDQPDQGJLYHWKHPD[LPXPDEVRUSWLRQ
SHDNV DW  DQG  QP UHVSHFWLYHO\ 7KH WKLHQR>E@WKLRSKHQHFHQWHUHG &2L'),& DQG
&2L'),&H[KLELWVWURQJHU,&7DWFDQPDQGJLYHPD[LPXPDEVRUSWLRQSHDNVDWDQG
QPUHVSHFWLYHO\$IWHUDOO&2L;'),&VROXWLRQVZHUHFDVWRQWRILOPVDW57WKHDEVRUSWLRQVSHFWUa
RI&2L'),&DQG&2L'),&ILOPVUHGVKLIWHGDQGQPUHVXOWLQJLQVLPLODURSWLFDOEDQGJDSV
RIDQGH9UHVSHFWLYHO\FDOFXODWHGIURPWKHRIIVHWRIWKHDEVRUSWLRQVSHFWUXP+RZHYHU
IRU WKH WKLHQR>E@WKLRSKHQHFHQWHUHG 1)$V &2L'),& DQG &2L'),& H[KLELW VLJQLILFDQW UHG
VKLIWV RI  DQG  QP FRUUHVSRQGLQJ WR PXFK QDUURZHURSWLFDO EDQG JDSV RI  DQG  H9
UHVSHFWLYHO\ 7KLV DEVRUSWLRQ VSHFWUD VWXG\ VXJJHVWV WKDW DOWKRXJK WKH H[WHQGHG WKLRSKHQH ULQJV
DORQJVLGH WKH&2EULGJHGFRUHVWUXFWXUHFDQHQKDQFHWKH,&7DQGUHGXFHWKHRSWLFDOEDQGJDSRI
1)$VVOLJKWO\WKHFHQWHULQJXQLWRIWKHVHODGGHUW\SH1)$VLVWKHGHWHUPLQLQJIDFWRUIRUWKH,&7DQG
RSWLFDOEDQGJDSFKDUDFWHULVWLFV  
 
  ? 
 
)LJXUH$EVRUSWLRQVSHFWUDRI&2L;'),&LQDFKORUREHQ]HQHVROXWLRQDQG&2L;'),&ILOPVFDVW
DW57DQGRQ+63/VSHFWUDRI&2L;'),&ILOPVFDVWDW57DQGRQDKRWVXEVWUDWH+6 
 
6SHFLILFDOO\ZLWKWKHOHDVWDPRXQWRIIXVHGULQJVLQWKH&2EULGJHGFRUHWKH&2L'),&ILOP
FDVWDW57H[KLELWVDEURDGDEVRUSWLRQEDQGSHDNLQJDWQP:KHQWKH+6PHWKRGZDVDSSOLHGWR
FDVW WKH ILOP ERWK DEVRUSWLRQ DQG 3/ VSHFWUD H[KLELW QHJOLJLEOH GLIIHUHQFH LQGLFDWLQJ WKDW WKH
FRQGHQVHGVWDWHRI&2L'),&PROHFXOHV LQWKHVROLGILOPGRHVQRWYDU\ZLWKGLIIHUHQWILOPFDVWLQJ
FRQGLWLRQV)RU&2L'),&WKHILOPFDVWDW57H[KLELWVWZRSURQRXQFHGSHDNVDWDQGQP
ZKLFKFRUUHODWHWRWKH+DQG-W\SHʌʌVWDFNVLQWKHILOPUHVSHFWLYHO\>43@$IWHUWKH+6PHWKRGZDV
DSSOLHGWKHWZRDEVRUSWLRQSHDNVEOXHVKLIWWRDQGQPDQGWKLVEOXHVKLIWLVDOVRHYLGHQFHG
LQ WKH 3/ VSHFWUXP +6 FDVWLQJ WKHUHIRUH UHGXFHV WKH PROHFXODU RUGHULQJ LQ WKH &2L'),& ILOP
HVSHFLDOO\WKH-DJJUHJDWLRQ)RU&2L'),&WKHILOPFDVWDW57SRVVHVVHVDVWURQJYLEURQLFSHDNDW
QPZLWKDQRWKHUZHDNHUSHDNDWQPLQGLFDWLQJWKDWWKH-W\SHʌʌVWDFNLQJRYHUZKHOPVWKH
+W\SH ʌʌ VWDFNLQJ:KHQ +6 FDVWLQJ ZDV DSSOLHG WKH ORFDWLRQ RI WKHVH YLEURQLF SHDNV UHPDLQV
FRQVWDQWEXWWKHLQWHQVLW\RIWKHWZRSHDNVFKDQJHGZLWKWKHORZHUZDYHOHQJWKSHDNUHGXFLQJDQG
KLJKHUZDYHOHQJWKSHDNLQFUHDVLQJLQLQWHQVLW\VXJJHVWLQJWKHWUDQVIRUPDWLRQIURP-W\SHDJJUHJDWHV
  ? 
WR+W\SHDJJUHJDWHV7KHHQKDQFHG+W\SHDJJUHJDWLRQDOVR OHDGVWRWKHHQKDQFHG3/ LQWHQVLW\DW
VKRUWHUZDYHOHQJWK)RU&2L'),&WKHILOPFDVWDW57SRVVHVVHVWKHEURDGHVWDEVRUSWLRQVSHFWUXP
DPRQJDOOIRXU1)$VKHUHZLWKDSULPDU\SHDNORFDWHGDWQPDQGOHVVSURQRXQFHGVKRXOGHUVRQ
HLWKHUVLGHWKDWFDQEHFRUUHODWHGWR+DQG-W\SHʌʌVWDFNVLQWKHVROLGILOP>@:KHQ+6FDVWLQJ
ZDV DSSOLHG WKH LQWHQVLW\ RI WKH SULPDU\ SHDN UHGXFHV EXW WKH LQWHQVLWLHV RI WZR VKRXOGHUV ERWK
LQFUHDVHVXJJHVWLQJHQKDQFHG+DQG-W\SHʌʌVWDFNV7KHRYHUDOOHIIHFWRIWKHHQKDQFHG+DQG-
W\SHʌʌVWDFNVLQ&2L'),&WKLQILOPLVWKHVOLJKWLQFUHDVHDQGUHGVKLIWRIWKH3/SHDNIURPWR
QP  
 
)LJXUHD'*,:$;6SDWWHUQVRI&2L;'),&ILOPVFDVWDW57RURQ+6E2XWRISODQHDQGF
LQSODQH'SURILOHVRI&2L;'),&ILOPVFDVWDW57DQGRQ+6  
  ? 
7KH'JUD]LQJLQFLGHQFHZLGHDQJOH;UD\VFDWWHULQJ*,:$;6SDWWHUQVDQG'SURILOHVRI
&2L;'),&ILOPVFDVWDW57RURQ+6DUHVKRZQLQ)LJXUH)RU&2L'),&DQG&2L'),&ILOPV
FDVWDW57WKHGLIIUDFWLRQULQJVRIERWK1)$VDUHORFDWHGDWT cíDQGcíUHVSHFWLYHO\
DQGDUHSUHIHUHQWLDOO\VWURQJHULQWKHRXWRISODQHGLUHFWLRQT]D[LV7KHʌʌVWDFNLQJSHDNV
DUH REVHUYHG DW T  cí DORQJ WKH LQSODQH GLUHFWLRQ T[\ D[LV7KHVH IHDWXUHV FRUUHVSRQG WR D
W\SLFDO HGJHRQRULHQWHG ODPHOODUFU\VWDOOLQH VWUXFWXUH:KHQ+6ZDVXVHGWRFDVW&2L'),&DQG
&2L'),& ILOPV WKHVH IHDWXUHV ODUJHO\ UHPDLQ ZLWK RQO\ VOLJKWO\ UHGXFHG LQWHQVLWLHV RI VRPH
GLIIUDFWLRQVLJQDOV)XUWKHUPRUHWKHRSWLFDOPLFURVFRSHLPDJHVRI&2L;'),&ILOPVFDVWDW57RURQ
+6DUHVKRZQLQ)LJXUH6,WFDQEHIRXQGWKDWERWK&2L'),&DQG&2L'),&ILOPVH[KLELWXQLIRUP
DQGFRQWLQXRXV VXUIDFH PRUSKRORJ\ZKHWKHU WKH\ZHUHFDVWDW57RURQ+6 VXJJHVWLQJ WKDW WKH\
SRVVHVVJRRGILOPIRUPLQJDELOLWLHVZKLFKDUHQRWVHQVLWLYHWRWKHILOPFDVWLQJFRQGLWLRQV&RPSDUHG
WRWKHGLVWLQFWHGJHRQODPHOODUIHDWXUHLQSXUH&2L'),&DQG&2L'),&ILOPVWKH*,:$;6LPDJHV
RISXUH&2L'),&DQG&2L'),&ILOPVFDVWDW57H[KLELWQXPHURXVVKDUSGLIIUDFWLRQULQJVORFDWHG
IURP T  WR  c DORQJ ERWK T] DQG T[\ GLUHFWLRQV LPSO\LQJ WKDW &2L'),& DQG &2L'),&
PROHFXOHV DUH KLJKO\ FU\VWDOOL]HG LQ WKHLU ILOPV 'XH WR WKHLU SURQRXQFHG FU\VWDOOL]DWLRQ DELOLW\
&2L'),&DQG&2L'),&ILOPVFDVWDW57SUHVHQWODUJHDJJUHJDWHVZLWK ORQJDVSHFWUDWLRVRQWKH
ILOPVXUIDFHVHH)LJXUH6$PRQJWKHGLIIUDFWLRQULQJVLQWKH*,:$;6LPDJHVWKH
DQGGLIIUDFWLRQULQJVRI&2L'),&ILOPUHVSHFWLYHO\ORFDWHDWT] DQGcDQG
WKRVHRI&2L'),&ORFDWHDWT] cFRUUHVSRQGLQJWRWKHEDFNERQHVWDFNLQJRIIODW
RQODPHOODUFU\VWDOV7KHVHUHVXOWVQRWRQO\LPSO\WKDWWKHSRRUILOPIRUPLQJSURSHUWLHVRI&2L'),&
DQG&2L'),&FRXOGRULJLQDWHIURPWKHLUSURQRXQFHGEDFNERQHVWDFNLQJEXWDOVRVXJJHVWWKDWWKH
H[SDQGHG&2EULGJHGFRUHVWUXFWXUHIXVHGRUULQJVFDQIDYRUWKHEDFNERQHVWDFNLQJDQGHQKDQFH
WKH FU\VWDOOLQLW\ RI 1)$V > 44@ 8QOLNH &2L'),& DQG &2L'),& ZKRVH  ʌʌ VWDFNLQJ LV
SUHIHUHQWLDOO\ VWURQJHU LQ WKH LQSODQHGLUHFWLRQ WKH  ʌʌVWDFNLQJRI57FDVW&2L'),&DQG
&2L'),&DUHULQJOLNHDQGDSSHDUVWURQJLQERWKLQSODQHDQGRXWRISODQHGLUHFWLRQV0HDQZKLOH
ZKHQ+6ZDVDSSOLHGWRFDVW&2L'),&DQG&2L'),&ILOPVWKHLQWHQVLWLHVRIYDULRXVGLIIUDFWLRQ
ULQJV DOO GHFUHDVH FRQVLVWHQW ZLWK RXU SUHYLRXV UHSRUW WKDW FDVWLQJ ILOPV RQ +6 FDQ VKRUWHQ WKH
PROHFXODU VHOIRUJDQL]DWLRQ WLPHDQG UHVXOW LQ UHGXFHGFU\VWDOOLQLW\>@(QFRXUDJLQJO\ LW FDQ EH
IRXQGWKDWWKHODUJHDJJUHJDWHVRQWKH+6FDVW&2L'),&ILOPVXUIDFHDOOGLVDSSHDUHGDQGWKHILOP
DSSHDUVXQLIRUPDQGFRQWLQXRXVDOWKRXJKWKH&2L'),&ILOPVWLOOSRVVHVVHVVPDOODJJUHJDWHVRQWKH
VXUIDFH )LJXUH67KLV OHDGVXV WR FRQFOXGH WKDW+6FDVWLQJ LVHIIHFWLYHDWUHWDUGLQJ WKHVWURQJ
  ? 
FU\VWDOOL]DWLRQRI&2L'),&EXWOHVVHIIHFWLYHRQ&2L'),&LQDLGLQJSUHSDUDWLRQRIDXQLIRUPILOP  
 
)LJXUHD'*,:$;6SDWWHUQVRI37%7K&2L;'),&ILOPVFDVWDW57DQGRQ+6E2XWRI
SODQHDQGFLQSODQH'SURILOHVRI*,:$;6SDWWHUQVRI37%7K&2L;'),&ILOPVFDVWDW57DQG
RQ+6 
:H IXUWKHU LQYHVWLJDWHG WKH PROHFXODU RUGHULQJ IHDWXUHV RI WKHVH &2L;'),& 1)$V LQ WKHLU
SKRWRYROWDLFEOHQGVZLWKWKHHOHFWURQGRQRU37%7K7KHPDVVUDWLRRI37%7KWR&2L;'),&ZDV
IL[HGDWLQDOOILOPVIRUDIDLUFRPSDULVRQLQWKLVVWXG\DOWKRXJKRXUSUHYLRXVZRUNKDVVKRZQ
WKDWWKHRSWLPXPEOHQGUDWLRVYDULHGVOLJKWO\>@7KH'*,:$;6SDWWHUQVDQG'SURILOHVRI37%
7K&2L;'),& ILOPV FDVWDW57RURQ+6DUH VKRZQ LQ )LJXUH DQG WKHLUFRUUHVSRQGLQJRSWLFDO
PLFURVFRS\VFDQQLQJSUREHPLFURVFRS\630DQGWUDQVPLVVLRQHOHFWURQPLFURVFRS\7(0LPDJHV
  ? 
DUH VKRZQ LQ )LJXUHV 6 6 DQG 6 UHVSHFWLYHO\ ,Q DOO 37%7K&2L;'),& ILOPV 37%7K
SUHVHQWVIDFHRQRULHQWHGPRUSKRORJ\ZLWKWKHSHDNORFDWLQJDWT] cDQGWKHSHDN
ORFDWLQJDWT[\ cGHPRQVWUDWLQJWKDWWKHPROHFXODURUGHUDQGRULHQWDWLRQRI37%7KGRQRW
DOWHU DIWHU EOHQGLQJ ZLWK &2L;'),& 7KH PROHFXODU RULHQWDWLRQ RI WKH DFFHSWRU LQ WKH 37%
7K&2L'),&DQG37%7K&2L'),&ILOPVFDVWDW57UHPDLQVHGJHRQZLWKWKHLUDQG
GLIIUDFWLRQ SDWWHUQV EHLQJ VWURQJHU LQ WKH LQSODQH DQG RXWRISODQH GLUHFWLRQV UHVSHFWLYHO\ 7KH
FU\VWDOOL]DWLRQRI&2L'),&DQG&2L'),&ZDV LQWHUUXSWHGGXHWRWKHSUHVHQFHRI37%7K E\
FRPSDULQJ)LJXUHVDQGZKLFKFDQEHMXGJHGIURPWKHUHGXFHGLQWHQVLWLHVRIYDULRXVGLIIUDFWLRQ
SDWWHUQVLQWKHEOHQGVKRZHYHULWZDVLQVHQVLWLYHWR57RU+6FDVWLQJ7KLVLVVXSSRUWHGE\WKHVLPLODU
VXUIDFHPRUSKRORJ\RIWKH37%7K&2L'),&DQG37%7K&2L'),&ILOPVFDVWDW57RURQ+6
VKRZQLQ)LJXUH6DQG)LJXUH6GHPRQVWUDWLQJORZURRWPHDQVTXDUH506VXUIDFHURXJKQHVVHV
ORZHUWKDQQP+LJKUHVROXWLRQ7(0LPDJHVLQ)LJXUH6DOVRVKRZQDQRVFDOHSKDVHVHSDUDWLRQ
WKDWLVLQSULQFLSOHEHQHILFLDOWRH[FLWRQGLVVRFLDWLRQDQGFKDUJHWUDQVSRUW   
:KLOHWKHVWURQJIODWRQODPHOODUFU\VWDOOL]DWLRQRI&2L'),&ZDVQRWLQKLELWHGDIWHUEOHQGLQJ
ZLWK 37%7K QRU E\ +6 FDVWLQJ WKLV LV DFKLHYHG LQ WKH 37%7K&2L'),& EOHQGV 7KLV LV
VXSSRUWHGE\WKH*,:$;6FKDUDFWHUL]DWLRQVZLWKSURQRXQFHGGLIIUDFWLRQULQJVSUHVHQWLQ ERWK57
DQG +6 FDVW 37%7K&2L'),& ILOPV EXW UHGXFHG VLJQLILFDQWO\ LQ WKH 57 DQG +6 FDVW 37%
7K&2L'),&ILOPV7KH IDLOXUHWRLQKLELW WKH ODPHOODUFU\VWDOOL]DWLRQRI&2L'),& LQWKH37%
7K&2L'),&EOHQGE\HLWKHU57RU+6FDVWLQJUHVXOWVLQODUJH&2L'),&DJJUHJDWHVLQWKHEOHQG
ILOPVDVVHHQLQWKHRSWLFDOLPDJHVLQ)LJXUH6630LPDJHVLQ)LJXUH6DVZHOODV7(0LPDJHV
LQ )LJXUH 67KH LQKLELWLRQ RI IODWRQ ODPHOODU FU\VWDOOL]DWLRQ ZLWK WKH DGGLWLRQ RI 37%7K ZDV
REVHUYHGWREHPRUHHIIHFWLYHLQ&2L'),&:KLOHWKHEDFNERQHVWDFNLQJDWFDT] cDQG
DON\FKDLQVWDFNLQJDWT] cRI&2L'),&H[LVWLQWKH57FDVW37%7K&2L'),&ILOPWKHLU
LQWHQVLWLHV UHGXFH VLJQLILFDQWO\ DQG WKH ILOP DSSHDUV XQLIRUP DQG KRPRJHQRXV ZLWK QR ODUJH
DJJUHJDWHV RQ WKH VXUIDFH VHH )LJXUH 6 DQG 6 7KH DJJUHJDWHV ZHUH FRPSOHWHO\ LQKLELWHG E\
DSSO\LQJ +6 FDVWLQJ IRU WKH 37%7K&2L'),& EOHQG ZLWK ERWK VXUIDFH 630 DQG EXON 7(0
LPDJHV VKRZLQJ ILQH QDQRVFDOH SKDVH VHSDUDWLRQ 7KH PRVW REYLRXV IHDWXUH RI WKH *,:$;6
FKDUDFWHUL]DWLRQ RI +6FDVW 37%7K&2L'),& ILOP LV WKH SUHIHUHQWLDO IDFHRQ SS stacking at 
T]  c ZKLFK LV QRZ WKH VDPH RULHQWDWLRQ ZLWK WKH HOHFWURQ GRQRU 37%7K 7KH PROHFXODU
RULHQWDWLRQVRIHOHFWURQGRQRUVDQGDFFHSWRUVLQWKHVDPHGLUHFWLRQKDYHEHHQIRXQGWRHQKDQFHWKH
FKDUJHGLVVRFLDWLRQHIILFLHQF\DQGFKDUJHWUDQVSRUWRI37%7K&2L'),&VRODUFHOOVLQRXUSUHYLRXV
  ? ? 
UHSRUW>@   
 
)LJXUH$EVRUSWLRQVSHFWUDRI37%7K&2L;'),&FKORUREHQ]HQHVROXWLRQV37%7K&2L;'),&
ILOPVFDVWDW57DQGRQ+6OHIWD[LV7KH3/VSHFWUDRI37%7K&2L;'),&ILOPVFDVWDW57DQG
RQ+6ULJKWD[LV 
 
7KHDEVRUSWLRQDQG3/VSHFWUDRI37%7K&2L;'),&ILOPVFDVWDW57RURQ+6DUHVKRZQLQ
)LJXUH6LPLODUWRWKHSXUH&2L'),&ILOP37%7K&2L'),&ILOPVFDVWDW57RURQ+6H[KLELW
OLPLWHGGLIIHUHQFHLQWKHLUDEVRUSWLRQDQG3/VSHFWUD0RUHRYHUDOWKRXJKWKHDEVRUSWLRQVSHFWUXPRI
37%7K37%7KILOPSRVVHVVHVDYLEURQLFSHDNDWQPZLWKDVKRXOGHUDURXQGQPODUJHO\
RYHUODSVZLWKWKDWRISXUH&2L'),&ILOPDQGGLVWLQFWSHDNVDURXQGQPHPHUJHLQWKHDEVRUSWLRQ
VSHFWUDRI37%7K&2L'),&EOHQG ILOPVFDVWDW57DQGRQ+67KHDSSHDUDQFHRI WKHVHSHDNV
LQGLFDWHV WKH IRUPDWLRQRI WKH-W\SHʌʌVWDFNLQJRI&2L'),& LQWKHEOHQG ILOPV%\FRPSDULQJ
ZLWKVSHFWUDSUHVHQWHGLQ)LJXUHDZHFDQFRQFOXGHWKDWWKHFRQGHQVHGVWDWHRI&2L'),&LVKDUGO\
DOWHUHG E\ YDU\LQJ WKH ILOPFDVWLQJ WHPSHUDWXUH EXW FDQ EH PRGLILHG E\ EOHQGLQJ ZLWK 37%7K
6LPLODUWRSXUH&2L'),&ILOPVFDVWDW57RURQ+6WKH37%7K&2L'),&ILOPFDVWDW57DQG
RQ+6DOVRH[KLELWVWZRFKDUDFWHULVWLFSHDNVDWDQGQPDQG+6FDVWLQJLQFUHDVHVWKHSHDN
  ? ? 
WKDWLVDVVRFLDWHGZLWK+W\SHSS stacking in the blend, andWKHUHLVDPDUJLQDOEOXHVKLIWLQWKH3/
VSHFWUXP )XUWKHUPRUH WKH 3/ LQWHQVLWLHV RI 37%7K&2L'),& DQG 37%7K&2L'),& ILOPV
FDVW DW 57 RU RQ +6 DUH VLPLODU VXJJHVWLQJ WKDW WKH 3/ TXHQFKLQJ HIILFLHQF\ LQ WKH ILOP DQG
FRQVHTXHQWO\WKHVL]HRISKDVHVHSDUDWHG  GRQRUVDQGDFFHSWRUVGRPDLQVGLGQRWDOWHUXSRQGLIIHUHQW
SURFHVVLQJ FRQGLWLRQV > 45@ )RU WKH 37%7K&2L'),& EOHQG WKH ILOP FDVW RQ +6 H[KLELWV DQ
LQFUHDVHGSHDNDWQPEXWDGHFUHDVHGSHDNDWQPVXJJHVWLQJHQKDQFHG+W\SHVWDFNLQJEXW
UHGXFHG-W\SHSS stackingDWUHQGWKDWLVVLPLODUO\IRXQGLQWKHSXUH&2L'),&ILOP+RZHYHUIRU
WKH37%7K&2L'),&EOHQGWKHILOPFDVWRQ+6VKRZVHQKDQFHG-W\SHDQG+W\SHʌʌVWDFNLQJ
FRPSDUHGWRLWVILOPFDVWDW57VHH)LJXUHDQGUHVXOWVLQEURDGHQHGDEVRUSWLRQDQGUHGVKLIWHG3/
VSHFWUDFRQVLVWHQWZLWKRXUSUHYLRXVZRUN>@)XUWKHUPRUHZLWKWKHUHGXFHGFU\VWDOOLQLW\DQGVPDOOHU
SKDVHVHSDUDWLRQVL]HVLQWKHEOHQGILOPVERWK37%7K&2L'),&DQG37%7K&2L'),&ILOPV
FDVWRQ+6H[KLELWUHGXFHG3/LQWHQVLWLHVFRPSDUHGWRWKHILOPVFDVWDW57VXJJHVWLQJPRUHHIILFLHQW
3/TXHQFKLQJGXHWRILQHPL[LQJRIGRQRUVDQGDFFHSWRUVLQWKHEOHQGILOPV>46@ 
,Q RUGHU WR HYDOXDWH WKH LPSDFWRI GLIIHUHQW PROHFXODU RUGHU DQG RSWRHOHFWURQLF SURSHUWLHV RI
37%7K&2L;'),&ILOPVRQWKHGHYLFHSHUIRUPDQFHRIFRUUHVSRQGLQJ26&VZHKDYHIDEULFDWHG
26&VZLWKDQLQYHUWHGGHYLFHVWUXFWXUHRI,72=Q237%7K&2L;'),&0R2$J7KHPDVVUDWLR
RI37%7KWR&2L;'),&ZDVDOVRIL[HGDWIRUIDLUFRPSDULVRQ)LJXUHSORWVWKH-9FXUYHV
DQGH[WHUQDOTXDQWXPHIILFLHQF\(4(VSHFWUDRIFKDPSLRQGHYLFHVDQG7DEOHVXPPDUL]HVWKH
GHYLFHPHWULFV0HDQZKLOHWKHH[FLWRQGLVVRFLDWLRQDQGFKDUJHFROOHFWLRQSURFHVVHV LQWKHVH26&V
ZHUHVWXGLHGE\ LQYHVWLJDWLQJWKHLUSKRWRFXUUHQWGHQVLW\YHUVXVHIIHFWLYHYROWDJHFXUYHV6KRZQLQ
)LJXUH 6 DQG 7DEOH 6:LWK D QDUURZ DEVRUSWLRQ VSHFWUXP IURP  QP DQG FRQWUDVWLQJ
PROHFXODU RULHQWDWLRQV EHWZHHQ GRQRU DQG DFFHSWRU LQ WKH SKRWRDFWLYH OD\HU WKH 57FDVW 37%
7K&2L'),&GHYLFHH[KLELWVDORZVDWXUDWHGVKRUWFLUFXLWFXUUHQWGHQVLW\-VDWRIP$FPORZ
H[FLWRQGLVVRFLDWLRQHIILFLHQF\3GLVVRIDQGSRRUFKDUJHFROOHFWLRQHIILFLHQF\3FROORI
7KH LQHIILFLHQW H[FLWRQ GLVVRFLDWLRQ DQG FKDUJH FROOHFWLRQ SURFHVVHV UHQGHU D ORZ 3&( RI 
DVVRFLDWLQJ ZLWK D 9RF RI  9 )) RI  DQG -VF RI  P$ FP $OWKRXJK WKH 37%
7K&2L'),&GHYLFHDOVRSRVVHVVHVWKHXQIDYRUDEOHFRQWUDVWLQJRULHQWDWLRQRIGRQRUDQGDFFHSWRULQ
WKHSKRWRDFWLYHOD\HUDQGDWWDLQHGDSRRUYDOXHRI3FROOORZHUWKDQWKH57FDVWGHYLFHDFKLHYHG
D3&(RIPDLQO\GXHWRWKHPXFKKLJKHU-VDWRIP$FPDQG-VFRIP$FPDVDUHVXOW
RIWKHEURDGHUDEVRUSWLRQVSHFWUXPFDQPVHH)LJXUHE0HDQZKLOHLWZDVIRXQGWKDW
37%7K&2L'),&DQG37%7K&2L'),&GHYLFHVFDVWRQ+6H[KLELW VLPLODURUHYHQVOLJKWO\
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UHGXFHG HIILFLHQF\ FRPSDUHG WR WKH GHYLFHV FDVW DW 57 VXJJHVWLQJ WKDW WKH UDLVHG ILOPFDVWLQJ
WHPSHUDWXUH GRHV QRW LPSURYH WKH SHUIRUPDQFH RI WKHVH WZR V\VWHPV:KHQ XVLQJ +6 WR FDVW WKH
37%7K&2L'),&ILOPWRUHGXFHLWVFU\VWDOOLQLW\DQGSKDVHVHSDUDWLRQVL]HLWV3GLVVDQG3FROOERWK
LQFUHDVHG IURP  DQG  WR  DQG UHVSHFWLYHO\ VXJJHVWLQJ LPSURYHG H[FLWRQ
GLVVRFLDWLRQDQGFKDUJHFROOHFWLRQSURFHVVHV&RQVHTXHQWO\WKHPD[LPXP))-VFDQG3&(RI+6FDVW
GHYLFHZHUHLPSURYHGWRP$FPDQGUHVSHFWLYHO\IURPP$FPDQG
 RI WKH 57FDVW GHYLFH 7KH 37%7K&2L'),& GHYLFH SRVVHVVHV WKH EURDGHVW DEVRUSWLRQ
VSHFWUXPZLWK WKH VDPH IDFHRQRULHQWDWHGSS stacking of donor and acceptor LQ WKHSKRWRDFWLYH
OD\HU7KLVIDYRUHGPRUSKRORJLFDODQGRSWRHOHFWURQLFIHDWXUHVHQDEOHLWV57FDVWGHYLFHWRDFKLHYHD
KLJK-VDWRIP$FPZLWKWKH3GLVVRIDQG3FROORIDVVRFLDWLQJZLWKDKLJK3&(RI
))RI-VFRIP$FPDQG9RFRI9)XUWKHUPRUHZKHQFDVWLQJWKHILOPRQ
+6WRHQKDQFHLWVʌʌVWDFNLQJWKH-VDW3GLVVDQG3FROOZHUHLPSURYHGWRP$FPDQG
DQGUHVXOWHGLQWKHKLJKHVW3&(RIZLWKWKH-VFRIP$FPDQG))RI 
 
)LJXUH-9DQG(4(FXUYHVRI37%7K&2L'),&37%7K&2L'),&37%7K&2L'),&
DQG37%7K&2L'),&GHYLFHVZLWKWKHSKRWRDFWLYHOD\HUFDVWDW57DQGRQ+6 
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Table 1 Summary of photovoltaic parameters of OSCs measured at an illumination of AM 1.5G at 
100 mW cm-2. The statistical data presented here are averages obtained from 30 individual devices. 
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:HDOVRHYDOXDWHGWKHYROWDJHORVVHVRI37%7K&2L;'),&GHYLFHV IDEULFDWHGYLDGLIIHULQJ
FRQGLWLRQV 7KH RSWLFDO EDQGJDS (J RI 37%7K&2L;'),& EOHQG ILOPV IRU HYDOXDWLQJ YROWDJH
ORVVHV KHUHZDVHVWLPDWHGDV WKHHQHUJ\ DW WKH LQWHUVHFWLRQRI WKH QRUPDOL]HGDEVRUSWDQFHDQG 3/
VSHFWUD > 47@ )ROORZLQJ WKH UHODWLRQVKLS RI 9ORVV   (J  9RF WKH 9ORVV YDOXHV RI 57FDVW 37%
7K&2L'),& 37%7K&2L'),& 37%7K&2L'),& 37%7K&2L'),& GHYLFHV ZHUH
GHWHUPLQHGWREHDQG9UHVSHFWLYHO\VXPPDUL]HGLQ7DEOH6VXJJHVWLQJWKDW
GHYLFHVHPSOR\LQJ&2L;'),&1)$VFHQWHUHGZLWKWKHWKLHQR>E@WKLRSKHQHJURXSKDYHVPDOOHU
9RF ORVVHVWKDQWKHGHYLFHVHPSOR\LQJ&2L;'),&1)$VFHQWHUHGZLWKWKHEHQ]HQHULQJDQGWKXV
H[WHQGLQJ WKH FRUH VWUXFWXUH ZLWK WKLHQR>E@WKLRSKHQH JURXSV FDQ IXUWKHU UHGXFH WKH 9RF ORVV
)XUWKHUPRUH ZKHQ +6 ZDV DSSOLHG WR FDVW WKH SKRWRDFWLYH OD\HU ZKLOH WKH 9ORVV RI 37%
7K&2L'),&37%7K&2L'),&DQG37%7K&2L'),&GHYLFHVDUHVLPLODU WRWKHLU57FDVW
FRXQWHUSDUWV WKH+6FDVW37%7K&2L'),&GHYLFHGLVSOD\V IXUWKHU UHGXFHG9RF ORVV LPSO\LQJ
WKDWWKHFKDUJHVHSDUDWLRQSURFHVVLVIDFLOLWDWHGLQWKH37%7K&2L'),&GHYLFHFDVWRQ+6>48@  
&RQFOXVLRQ 
,QVXPPDU\ZHKDYHV\VWHPLFDOO\LQYHVWLJDWHGWKHHIIHFWVRIWKH&2EULGJHGODGGHUW\SHHOHFWURQ
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GRQDWLQJFRUH VWUXFWXUHVRI 1)$VRQWKHLURSWLFDOEDQGJDSV PROHFXODURUGHULQJDQGSKRWRYROWDLF
SURSHUWLHV2XUUHVXOWVGHPRQVWUDWHWKDWWKHWKLHQR>E@WKLRSKHQHFHQWHUHG1)$V&2L'),&DQG
&2L'),& SRVVHVV QDUURZHU RSWLFDO EDQG JDSV DQG EURDGHU DEVRUSWLRQ VSHFWUD FRPSDUHG WR WKH
EHQ]HQHFHQWHUHG1)$V&2L'),&DQG&2L'),&0HDQZKLOHZLWKOHVVIXVHGULQJVLQWKHFRUH
VWUXFWXUHERWK&2L'),&DQG&2L'),&H[KLELWHGJHRQRULHQWHGODPHOODUFU\VWDOOLQHVWUXFWXUHVLQ
WKHLUSXUHDQGEOHQGILOPVZLWK37%7KDFRQWUDVWLQJPROHFXODURULHQWDWLRQZLWKWKHIDFHRQ37%
7KUHVXOWLQJLQORZGHYLFHHIILFLHQF\)RU&2L'),&DQG&2L'),&DOWKRXJKWKHH[WHQGHG IXVHG
ULQJVERRVWHGWKHIRUPDWLRQRIEDFNERQHVWDFNLQJLQVROLGILOPVZKLFKOHGWRODUJHDJJUHJDWHVRI1)$V
LQ SXUH ILOPV WKH ODPHOODU FU\VWDOOL]DWLRQ ZDV UHGXFHG LQ &2L'),&EDVHG ILOPV DQG FRPSOHWHO\
VXSSUHVVHG LQ &2L'),&EDVHG ILOPV E\ EOHQGLQJ ZLWK 37%7K DQG XVLQJ D KRW VXEVWUDWH ILOP
FDVWLQJPHWKRG7KHFKHPLFDOVWUXFWXUHDQGILOPSURFHVVLQJFRQGLWLRQVVKRXOGEHFRRUGLQDWHGWRILQH
WXQH WKH PROHFXODU RUGHULQJ RI 1)$V FRQWDLQLQJ WKH &2EULGJHG FRUH XQLWV WRRSWLPL]H WKH OLJKW
DEVRUSWLRQ H[FLWRQ GLVVRFLDWLRQ DQG FKDUJH WUDQVSRUW SURFHVVHV WR DFKLHYH WKH KLJKHVW GHYLFH
SHUIRUPDQFH  
 
([SHULPHQWDO 
([SHULPHQWDO6HFWLRQ 
COi5DFIC, COi6DFIC, COi7DFIC and COi8DFIC were synthesized as in our previous work [23]. 
PTB7-Th was purchased from Solarmer Materials (Beijing) Inc. ZnO precursor solution was 
prepared according to a previous literature report [49]. All solar cells were fabricated in an inverted 
structure. The prepatterned ITO-glass substrates (resistance ca. 15 : per square) were cleaned by 
sequential sonication in water, ethanol and isopropyl alcohol for 10 minutes each, before drying at 
100 °C on a hotplate. These substrates were further treated with ultraviolet/ozone for 10 minutes 
before further use. 30 nm thick ZnO films were spin-coated onto cleaned ITO substrates, then dried 
at 200 °C for 30 min in air. The photoactive layer was then deposited on top of the ZnO layer by spin-
coating from a 14 mg/ml chlorobenzene solution (with 0.5 vol.% DIO as additive) of PTB7-
Th:COi5DFIC, PTB7-Th:COi6DFIC, PTB7-Th:COi7DFIC, PTB7-Th:COi8DFIC solutions with a 
donor:acceptor ratio of 1:1.5, in a nitrogen-filled glovebox. In order to achieve similar thicknesses of 
the active layer at 100 nm, the spin speed for devices cast at RT was chosen as 600 rpm. For devices 
cast on HS, the ITO/ZnO substrate were preheated on a hot plate held at 100 °C and quickly moved 
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to the chuck of a spin coater to spin-coat the photovoltaic solution at 1300 rpm. Then, for all devices, 
10 nm MoO3 and 100 nm Ag were thermally evaporated forming the anode and counter electrode 
under high vacuum to finish device preparation. The size of the photoactive area defined by the 
overlapping of anode and cathode is 4 mm2.  
&KDUDFWHUL]DWLRQ 
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)OH[
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